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Abstract 
AIII-BV semiconductors have been considered for decades to be a promising material in overcoming the 
limitations of silicone semiconductor devices. One of the important aspects within AIII-BV 
semiconductor technology are gold-semiconductor interactions on the nanoscale, since Au is widely used 
to catalyze the growth of AIII-BV nanostructures.    
We report on the chemical interactions of Au atoms with AIII-BV semiconductor crystals by an 
investigation of the nanostructures formation in the process of thermally-induced Au self-assembly on 
various AIII-BV surfaces, and this by means of atomically resolved HAADF STEM measurements. We 
have found that the formation of nanostructures is a consequence of the surface diffusion and nucleation 
of adatoms produced by Au induced chemical reactions on AIII-BV semiconductor surfaces. Only for 
InSb crystal we have found that there is efficient diffusion of Au atoms into the bulk, which we 
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experimentally studied by Machine Learning HAADF STEM image quantification. The process of Au 
dissolution in InSb lattice has been additionally characterized by DFT calculations with inclusion of finite 
temperature effects. Furthermore, based on the stoichiometry of nanostructures grown, the effective 
number of Au atoms needed to release one AIII metal atom has been estimated. The experimental finding 
reveals a difference in the Au interactions with In- and Ga-based groups of AIII-BV semiconductors. Our 
comprehensive and systematic studies uncover the details of the Au interactions with the AIII-BV surface 
at the atomic level with chemical sensitivity. 
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AIII-BV semiconductors due to their unique properties, such as high electron mobility and direct 
bandgap, are being considered material for the new generation of nanoscale electronic devices1–4. 
Recently, new technologies were developed such as template-assisted selective epitaxy (TASE) by IBM 
Zurich group5 and epitaxial lift off (ELO) technique6 to integrate AIII-BV with Si at the nanoscale. This 
will allow one to expand the use of AIII-BV crystals by extending the conventional Si-based technology 
for future AIII-BV/Si nanodevice fabrication7. For many applications the arrays of standing, vertically 
aligned AIII-BV nanowires grown on semiconductor surfaces are desired8–10. A device for efficient water 
splitting can be built from such AIII-BV nanowires arrays11,12. Also the AIII-BV nanowire LED device 
integrated on Si has been developed, with 3 orders of magnitude higher efficiency than the conventional 
device13. To control the physico-chemical properties of the devices local information on the atomic 
arrangement is necessary as has recently been shown by atomic resolution spectrum imaging in STEM14. 
The growth of such monocrystalline AIII-BV nanowires is mainly catalyzed by Au seeded 
nanoparticles15. Studies on the role of Au in the process of nanowires growth, in a closed system being 
in equilibrium, have been performed by Dick et al.16. They have shown that deposited Au is not inert 
with respect to AIII-BV material and interacts with the substrate forming a variety of intermetallic 
compounds (alloys) within the Au-AIII system. In this respect the process of the thermally controlled 
self-assembling of an Au thin layer on reconstructed AIII-BV surfaces in UHV conditions is a method of 
choice to create patterns of well-ordered nanostructures. Recently it has been shown that the thermally 
activated motion of Au droplets on the AIII-BV crystal surfaces can lead to new asymmetric 
morphologies for use in nanophotonic devices applications25. The interactions of Au with AIII-BV 
semiconductors and the development of new phases is governed by the relations of Au-In-BV and Au-
Ga-BV ternary phase diagrams17–19 (see also the supporting information in Fig. S2). These diagrams 
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show that there are varieties of stable phases in the Au-AIII systems (see also Table S2) and only two 
stable phases for Au-BV pairs, i.e., AuSb2 and Au2P3. Thus, the interactions of Au with the whole group 
of AIII-BV are dominated by the Au-AIII phases formation as defined by the Au-In and Au-Ga binary 
phase diagrams20,21. The above rules hold also in the present case for “an open system”, where the BV 
element is volatile and escapes to the vacuum while annealing the samples22,23. 
In the present paper we have investigated the way the Au interacts with AIII-BV semiconductors at 
atomic level with chemical sensitivity via systematic studies of thermally induced self-assembly of 2 
Mono-Layers (ML) of Au on various AIII-BV (001) semiconductor crystal surfaces. The experiments 
were performed in ultra-high vacuum (UHV) conditions to guarantee the highest sample purity. We have 
found that there is a large difference between the Au interactions for In- and Ga-based substrates. Our 
investigations prove that the Au content in the nanostructures formed depends on the binding energy of 
the AIII-BV components. The formed nanostructures could be used as seeds for the nanowires growth, 
substituting Au seeding by nanoparticles24. The formed metallic nanostructures of different stoichiometry 
influences the electronic properties of metal-semiconductor nanodevice due to the appearance of the 
Schottky barrier (the Schottky contact is formed). ). When the barrier value approaches to zero, the ohmic 
contacts are formed26,27. The electronic properties of the interfaces formed have impact on the 
development of future nanoelectronic devices based on AIII-BV technology28, such as nano Schottky 
diodes29,30. Finally, we uncovered that the self-assembly process driven by chemical reactions of Au with 
the substrate is the main force of the nanostructures growth on the sample surfaces 
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Results 
In-based AIII-BV semiconductor substrates - InSb(001), InAs(001) and 
InP(001) 
 
 
 
The deposition of 2ML of Au on a clean c(8x2) reconstructed surface of InSb(001) monocrystal (see Fig. 
1a) at 330 °C results in the formation of long nanowires oriented along the [-110] substrate surface 
direction as depicted in Fig. 1b). The nanowires have a length of up to few micrometers, average width 
 
Figure 1: Properties of the metallic nanowires grown on InSb(001) surface after the deposition of 2ML of Au at 330 oC. In a) 
the RHEED pattern of the clean and reconstructed c(8x2) InSb(001) surface is shown. In b) SEM and in c) AFM morphology 
of the nanowires, with their length distribution in d), are presented. In e) an atomically resolved HAADF STEM image of the 
nanowire cross section is depicted. In the image, the region of bright contrast just below the nanowire (marked as area B) 
corresponds to the area enriched in Au. The chemical composition of the nanowire and the surroundings is provided with 
EDX maps of Au (in f), Sb (in g) and In (in h) and also with the EDX line profile through the nanowire/substrate interface 
(seen in i). An atomically resolved HAADF image of the pure InSb substrate (of the area marked with A), partially overlapped 
with the InSb atomic structural model, is shown in j). In k) an Au atomic concentration map, i.e., the amount of Au 
incorporated into InSb lattice, of the region B is presented. The value “1” corresponds to the Au concentration of 100 at. %. 
In l) the HAADF image of the interface between the AuIn2(001) nanowire and InSb(001) substrate surface, together with the 
proposed atomistic structural model of the interface, is shown. 
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of ~70 nm and a constant height of ~5 nm as derived from the Scanning Electron Microscopy (SEM) and 
Atomic Force Microscopy (AFM) measurements (Fig.1c and d). 
In Fig. 1e the atomically resolved High Angle Annular Dark Field (HAADF) Scanning Transmission 
Electron Microscopy (STEM) image of the nanowire’s cross section is presented. In the HAADF STEM 
technique the imaging contrast is proportional to the atomic number Z and, thus, this method ensures the 
chemical sensitivity (the Au atomic columns appear brighter than in the In and Sb columns). Due to the 
very high sensitivity of this technique, small variations in the composition for the AIII-BV alloys could 
be detected31. It is seen that the nanowire is crystalline and is composed of Au and In without Sb as 
indicated by the EDX measurements (Fig.1f-i). This points out that during the process of nanowire 
growth, the Au interactions with InSb substrate surface result in breaking of the bonds between In and 
Sb atoms. A stable Au-In phase is formed (see the supporting information in Fig. S2a and Table S2) while 
Sb atoms are emitted to vacuum. By examining the interplanar spacing of the atomic columns and their 
contrast in the HAADF STEM imaging, the nanowire composition is identified as an AuIn2 alloy21. AuIn2 
nanowire’s stoichiometry is also confirmed by the SEM/EDX measurement results which were analyzed 
by a newly developed method of chemical quantification based on the Machine Learning approach32. 
The driving process of the chemical reaction under consideration on the sample surface has been found 
to be: Au+2InSb → AuIn2 + 2Sb ↑ (ΔH= − 0.215eV)
33,34. From the reaction stoichiometry, one can 
conclude that for these experimental conditions one Au atom releases two AIII metallic atoms (here In) 
on the InSb (001) substrate surface while BV (here Sb) atoms are released to the vacuum. In Fig. 1l an 
atomically resolved HAADF STEM image of the interface between AuIn2 (001) and InSb (001) is 
presented. The epitaxial relations of the interface are clearly demonstrated by the continuation of the 
atomic rows between the AuIn2 nanowire and InSb substrate. In Fig. 1e there are marked that AuIn2 
nanowires grow epitaxially on the InSb substrate with the epitaxial relationship of (001)AuIn2//(001)InSb 
and [110]AuIn2//[110]InSb. A proposed structural model of the interface is overlaid on the atomically 
resolved HAADF STEM image (Fig. 1l). Such epitaxial relations of the system were already predicted 
by the computational model34,35. The nanowire is partially buried below the average substrate surface 
level and is surrounded on its sides by a crystalline rim having a common (111) facet plane. The AuIn2 
nanowire exposes on its top the (001) plane of square-symmetry in agreement with previous atomically 
resolved imaging with non-contact atomic force microscopy36. The formation of the AuIn2 phase after 
annealing of Au layer on InSb(111) was previously observed by HRTEM38 but without chemical 
sensitivity at the atomic level.  
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From Fig. 1e it is also clearly seen that the HAADF STEM contrast of the InSb substrate crystal is not 
uniform. The region just below the nanowire (marked as the region B) is brighter than the rest of the InSb 
bulk (region A) indicating that the region B could be enriched in Au due to the diffusion (dissolution) of 
Au atoms into the InSb crystal. Indeed, the corresponding EDX measurements (Fig. 1f-i) exhibit that the 
region B is enriched in Au and there is depletion of Sb. To distinguish between pure In-Sb columns and 
those containing Au atoms (assuming constant sample thickness) the HAADF image quantification was 
performed. Due to the noise inherent to the experiment, intermixing between the Au and In-Sb phases is 
studied statistically using Machine Learning algorithms (Random Forest) as implemented in Trainable 
Weka Segmentation37 (for details see the supporting information in Fig. S1 and Table S1 as well as the 
Method section). The results of Machine Learning HAADF image quantification of the Au enriched 
region is presented in Fig. 1k, as the Au atomic concentration map. We have found that Au does not 
uniformly populate the In-Sb lattice atomic positions (see the supporting information in Fig. S2d, 
Table S1). 
The observed Au diffusion into InSb lattice was still investigated in detail and the results are shown in 
Fig. 2. Fig. 2a shows the atomically resolved HAADF STEM of one of the In-Sb dumbel from Fig. 1j 
(for better visibility of Z contrast a false colouring was used). One can clearly distinguish between the 
A(In) and B(Sb) atomic columns. The Au atomic concentration maps in: antimony atomic sub-lattice 
A(Sb) (see Fig. 2b) and indium atomic sub-lattice B(In), (see Fig. 2c) were extracted from the results of 
the atomic HAADF image quantification. It has been found that the antimony sub-lattice is more 
populated with Au (on average ~18 at. % of Au) than the indium atomic sub-lattice (on average ~13 at. % 
of Au).  Furthermore, the Au concentration in both sub-lattices decreases when the distance from the 
island increases. To characterize the difference in Au incorporation into the substrate atomic sub-lattices 
the map of atomic concentration ratio R was constructed, defined as: R=[Au in A(Sb)]/[Au in B(In)], and 
shown in Fig. 2d. In Fig. 2e a plot of the R ratio value against the average Au concentration in the paired 
In-Sb atomic columns is presented, where two regions of high and low R ratio are clearly visible. Thus, 
for the low Au concentration, the Sb lattice is much more populated with Au than the In lattice (R>>1) 
while for the high Au concentrations both sub-lattices are equally populated with Au (R ratio is close 
to 1).   
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Since the HAADF STEM measurements show only mean concentration of Au in particular columns of 
In and Sb, without the possibility to determine the distribution of dissolved Au atoms in the column, DFT 
simulations were performed. We employed state of the art first principles DFT calculations with the 
inclusion of the finite temperature effect via the harmonic vibrational analysis (T=330 oC) yielding the 
vibrational entropy contribution to the Gibbs free energy. The purpose of these simulations was to 
determine whether Au atoms are uniformly distributed in the columns or they tend to form compact 
clusters. In total, we tested about 50 different model configurations of the Au incorporation into the InSb 
lattice, from which we selected those with the lowest Gibbs free energy. DFT simulations, supporting the 
experimental results, distinguish two basic configurations depending on the concentration of Au in the 
Figure 2: Analyses of the InSb substrate region enriched with Au [corresponding to the region B in Fig. 1e)]. In a) false 
coloring atomically resolved the HAADF STEM of antimony A(Sb) and the indium B(Sb) atomic columns. In b) and c) maps 
of Au concentration in antimony sub-lattice A(Sb) and in indium sub-lattice B(In), resulting from the Machine Learning 
HAADF STEM image quantification, are shown, respectively. In d) the map of Au concentration ratio R=[Au in A(Sb)]/[Au 
in B(In)] is presented. In e) the Au concentration ratio R as a function of the average Au concentration in particular atomic 
column (value 1 corresponds to 100 at. %) is shown. Two regions, called I and II, are clearly visible - for the small Au 
concentrations (below ~20 at. %) the Au preferentially builds up into the antimony A(Sb) lattice resulting in R>>1. As the Au 
concentration increases (~20 at. % and above), the population in Au of both lattices becomes equal (R~1). In f) there are 
results of DFT calculations at T=330 oC showing stable Au/InSb structures for different Au concentration. The calculated 
ratio R is presented as blue triangles together with experimental data in e).  
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InSb lattice. For Au concentrations less than 20 at. %, Au atoms are preferably incorporated into the Sb 
sub-lattice, providing high R ratio. In this case DFT results indicate that Au atoms are homogeneously 
distributed in atomic columns, not leading to formation of any Au agglomerates. On the other hand, for 
higher Au concentrations, above 20 at. %, Au is equally incorporated in both sub-lattices (R ratio is 
about 1). In this case, however, Au atoms agglomerate leading to the formation of Au dimers/oligomers 
in individual columns as the most energy preferred configurations (having the lowest free Gibbs 
energies). Thus, the formation of Au atomic wire-like structures in the InSb lattice is predicted. Examples 
of configurations of the arrangement of Au atoms in the InSb lattice, for both regions, are shown in 
Fig. 2f. 
 
The main outcome of the performed DFT calculations is the detailed determination of the structures at 
the atomic level, which is not accessible experimentally by HAADF STEM due to the integration of the 
signal within particular atomic columns along the sample (lamella) thickness. The agreement between 
the DFT and experimental results is due to the inclusion in the DFT simulations the thermo-vibration 
effects, which predict the correct energy dependence between the studied structural atomic models. The 
Figure 3: Analyses of the structural properties of the metallic nanowire/InSb substrate interface. In (a) maps of strain resulted 
from the Geometric Phase Analysis (GPA) are presented. Just below the nanowire (in the area of ~2nm thickness) a positive 
~3% εyy strain field is observed. There is no correlation observed between the GPA lattice strain and the amount of Au in the 
InSb lattice. There is no GPA strain visible in the Au diffusion area (area of ~10 nm below the nanowire). In (b) the Au 
concentration maps for antimony A(Sb) sublattice and indium B(In) sublattice (in c) with corresponding atomic columns 
ellipticity maps for antimony (in  d) and indium (in e) are shown. In (f) the Vector Field Plots of antimony atomic columns 
ellipticity and indium (in g) atomic columns ellipticity are presented. The maps are prepared for the sample areas presented 
in Fig. 2b-c. The length of the vector line is proportional to the ellipticity value. Three different regions, called 1, 2 and 3, are 
marked on the maps (see discussion in the text). 
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analysis of solely SCF electronic energy (without temperature effects), contradictory to the experiment, 
predicts the preferential replacement of indium upon Au diffusion into atomic lattice of In-Sb. So this 
shows the importance of temperature effects for the diffusion studies. 
Using the Geometric Phase Analysis (GPA) we also explored the effect of Au inclusion on the InSb 
crystal lattice strain. The lattice strain, obtained by GPA from the analyses of the atomically resolved 
HAADF STEM images, traces the local deformation of an atomic lattice unit cell in the x-y plane 
perpendicular to the electron beam (z direction). The results are presented in Fig. 3a. Just below the 
nanowire, in the region of around 2 nm, is visible a positive ~3% of εyy growth strain field, representing 
a ~3% expansion of the atomic lattice in the y direction (growth direction). No correlation between the 
observed strain fields and the amount of Au atoms incorporation into the InSb lattice has been found, 
since the same strain field goes through the area of different Au concentration. According to the 
experimental data, below the ~2nm strain field, in the region where the Au diffusion still takes place (the 
area of ~10 nm below the wire) is strain free. This observation is consistent with our DFT simulations 
prediction in the sense that upon the Au incorporation two contradictory effects are observed. On one 
hand, the lattice swelling due to the incorporation of Au atoms. The DFT simulations showed that the 
resulting Au-Sb and Au-In bonds are longer (2,834 Å and 2,820 Å, respectively) than the original length 
of In-Sb bond (2,805 Å). And, on the other hand, when the equilibrium Au doping takes place the Au-
dimers are formed of short Au-Au bonds (2.7989 Å) that contribute to the shrinkage of the lattice. Thus 
no significant lattice swelling is observed as these two effects cancel out each other to a significant extent 
(vide supra). 
Furthermore, to elucidate the In and Sb atoms off-axis positioning within the atomic columns due to the 
Au atoms incorporation, we performed the atomic columns shape analysis via ellipticity analysis of the 
HAADF STEM images39,40. Each of the atomic columns was fitted with an elliptical 2-D Gaussian. The 
ellipticity parameter was extracted and defined as the ratio of a long-to-short ellipse axis accordingly to 
Nord et al.40. The ellipticity value of “1” corresponds to perfectly circular atomic columns while values 
greater than “1” indicates displacement of the atoms, within the column, in the x-y plane39,40. The 
ellipticity maps, corresponding to Au concentration maps of Fig. 2b-c, are plotted in Fig. 3d-e for the Sb 
and In atomic columns, respectively. In the regions where indium and antimony lattices are both highly 
populated with Au the ellipticity is close to unity. In Fig. 3f-g the vector field plots show the directionality 
of the atoms displacement in the x-y plane (the length of the vector is proportional to the ellipticity value). 
It is clear that the Au concentration in the InSb crystal highly influences the ellipticity of atomic columns. 
Thus, for three regions marked as (1), (2), (3) in Fig. 3b-g it can be stated: 
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- (1) for Au concentration in In sub-lattice of ~11 at. % and in Sb sub-lattice of ~18 at. % (R value ~ 1.6), 
the ellipticity for indium and antimony atomic columns are about 1.4 and 1.2, respectively. The ellipticity 
direction is the same for both sub-lattices i.e., the atomic displacement within the column are happening 
in the InSb [111] bulk direction; 
- (2) for the case of an Au concentration in In sub-lattice of of ~5 at. % and in Sb sub-lattice of ~11 at. % 
(R value ~2.2), the ellipticity values (of about 1.2) and ellipticity direction are comparable for both sub-
lattices; 
- (3) for the case of the Au concentration in Sb sub-lattice of ~5 at. % and no diffusion into the In sub-
lattice (very high R value), the ellipticity for Sb is high (~1.4) and directed along [110] direction of the 
InSb crystal, while the ellipticity for In is smaller (~1.1) and is directed along [111] InSb direction. 
 
In Fig. 4 a)-b) the SEM and AFM morphologies of surface nanostructures resulted from the 
deposition of 2 ML of Au on InAs(001) and InP(001) at 330°C are shown, respectively. In both cases, 
the nanostructures are less anisotropic than the ones formed for the Au/InSb(001) system. In the case of 
Au/InAs(001), the nanostructures are slightly elongated along the [-110] direction and have an average 
size of 36 nm whereas for Au/InP(001) round nanostructures with sizes of 31 nm are formed. The 
atomically resolved HAADF images (Fig. 4 c-d) show that for both cases the nanostructures are in 
registry with the substrates. It has been found that for the case of Au/InAs(001) system the developed 
nanostructures are composed of an Au3In alloy with the epitaxial relationship (001)Au3In//(001)InAs and 
[100]Au3In//[110]InAs. We identify the driving process of the chemical reaction for this system as: 
3Au+InAs → InAu3+As ↑ (ΔH= − 0.007eV)
33,34. In this case the nanostructures grow above the average 
substrate surface level as indicated in Fig. 4c. This is related to the kinetics of the growth process where 
Au atoms break the bonds of InAs substrate dimers and nucleate with the released In atoms to form 
finally clusters (islands) of In/Au alloy (As atoms evaporate into the vacuum). The islands form a kind 
of mask, which blocks further InAs bond breaking underneath. Thus, further incoming Au atoms can 
break only InAs bonds which are outside of the mask region inducing the lowering of the substrate 
surface level outside of the already developed Au3In nanostructures. The detailed view on the interface 
with the atomistic structural model is presented in Fig. 4d. 
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In turn, for the Au/InP(001) system the nanostructures formed are of the AuIn2 phase (see Fig. 4e-f) with 
the epitaxial relationship (-11-1)AuIn2//(001)InP and [110]AuIn2//(110)InP. This defines the chemical 
reaction as Au+2InP → AuIn2 + 2𝑃 ↑ (ΔH=0.172eV)
33,34. The formed nanostructures extend slightly 
below the average substrate level as depicted in Fig. 4e. No additional faceting or Au diffusion into the 
substrate bulk is observed, as it was for the Au/InSb(001) system. The process of Au/In alloy formation 
has recently been studied by F. Wang et al.41 for the Au catalyzed InP nanorods growth. They have found 
that the stoichiometry of the In-Au alloy formed depends on the diameter of nanorods due to In 
supersaturation in the Au nanoparticle and limited diffusion in the nanorods. In our case, however, we do 
not observe any nanostructure size dependent effects since the Au diffusion is not limited and we have 
an almost infinite InP surface. 
 
Figure 4: Structural properties of the nanostructures grown on different Indium-based AIII-BV semiconductors after the 
deposition of 2ML of Au at 330oC. The SEM and AFM morphologies of nanostructures on InAs(001) surface (in a) and on 
InP(001) surface (in b) are shown. In (c) an atomically resolved HAADF STEM image of cross-section of the nanostructure 
grown on InAs(001) together with detailed view on the Au3In/InAs interface (in d) is presented. In (e) atomically resolved 
HAADF STEM image of cross-section of the nanostructures grown on InP(001) together with a detailed view on the AuIn2/InP 
interface (in e) is shown. The atomic structural models of the phases are overlaid on the HAADF images in (d) and (f). 
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Ga-based AIII-BV semiconductors substrates - GaSb(001), GaAs(001) and 
GaP(001) 
 
 
 
The clusters/nanoislands formed after the deposition of 2ML of Au on the reconstructed c(3x1) 
GaSb(001) surface at 330 oC were examined by SEM/AFM and the results are shown in Fig. 5a). The 
nanostructures are of an average lateral size of about 13 nm and of a constant height of 3 nm. In contrast 
to the Au/InSb, here no nanostructures’ shape anisotropy is seen. In order to uncover the detailed internal 
nanostructures structure the atomically resolved HAADF STEM imaging of the nanostructure’s cross 
section was performed as presented in Fig. 5d-f. By examining the interplanar spacing of the atomic 
Figure 5: The structural properties of the nanostructures grown on different Gallium-based AIII-BV semiconductors as a 
result of the deposition of 2ML of Au at 330oC. The SEM and AFM morphologies of nanostructures grown on GaSb(001) (in 
a), GaAs(001) (in b) and on GaP(001) (in c) surfaces are presented. In (d) an atomically resolved HAADF STEM image of 
cross-section of the nanostructure grown on GaSb(001), with corresponding views of the GaSb substrate region (in e) and 
the AuGa2 nanostructure (in f), are  shown. Atomically resolved HAADF STEM images of cross-section of the nanostructure 
grown on GaAs(001)(in g) and grown on GaP(001) (in h) are shown. The atomic structural models of the corresponding 
phases are overlaid on the HAADF images. 
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columns, together with the results of the EDX experiments and the HAADF contrast, the nanostructure 
composition is identified as an AuGa2 alloy (see Fig. 5e). No indications of Sb incorporation within the 
nanostructures have been found. Thus, the Au interactions with GaSb at elevated temperatures lead to 
the formation of one of the stable Au-Ga phases (see supporting information Fig. S2d and Table S2) and 
the releasing of Sb atoms into the vacuum. In this case, the process driving the chemical reaction would 
be Au+2GaSb → AuGa2 + 2Sb ↑ (ΔH= − 0.046eV)
33,34. We have also found that there is no Au 
dissolution in the GaSb bulk in the close vicinity of the nanostructure. It can be seen that the AuGa2 
nanostructures grow in registry with substrate with following epitaxial relationship: 
(001)AuGa2//(001)GaSb and [110]AuGa2//[110]GaSb. Such a relationship between these two phases was 
earlier already predicted based on the computational model34,35. 
In the case of the Au/GaP(001) system, nanostructures with an average lateral size of  about 6 nm, i.e., 
two times smaller than in the case of Au/GaSb, are formed (see Fig. 5c). In Fig. 5h the atomically resolved 
HAADF STEM image of the Au/GaP cross section is shown. The analysis of the interplanar spacing of 
the atomic columns indicates that the nanostructures formed are of the pure Au. The process driving the 
chemical reaction on this substrate surface is in this case: 5.9Au+GaP → 5.9Au+Ga+P ↑
(ΔH=0.823eV)33,34. For this reaction, we have estimated the number of Au atoms involved as a fraction 
of the nanostructure cross-section area which is below the average substrate surface. One can assume 
that only this part of the GaP underwent a reaction with Au. Otherwise, in the absence of Au-induced 
reaction, the nanostructures would grow fully on the sample surface. The Au interaction with GaP 
resulting in the formation of the AuGa alloy was earlier observed for the case of Au catalysed-nanorods 
growth with Au seeds (particles) of size lower than 15 nm16. In the present case, we do not observe any 
size-depend alloying effects, since the Au diffusion is not limited by the lateral substrate surface 
dimensions. The interfaces between the Au nanostructure and the substrate are of the following epitaxial 
relationship: (001)Au//(001)GaP and [110]Au//[110]GaP in agreement with the computational model 
predictions34,35. 
For the third Ga-based substrate material studied, i.e., GaAs(001) the thermally induced self-assembly 
of 2 ML of Au leads to the development of small, 8 nm clusters, uniformly distributed on the substrate 
surface (Fig. 5b). The HAADF and EDX measurements provide that the clusters are of pure Au. They 
grow with their (001) planes in epitaxy with (001) GaAs substrate surface planes and they exhibit side 
walls of (111) facets. The epitaxial relationship in this case is also (001)Au//(001)GaAs and 
[110]Au//[110]GaAs in agreement with previous studies42. The Au structures are partially submerged 
into the GaAs substrate similarly to the case of GaP(001). The process driving the chemical reaction is 
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2.5Au+GaAs → 2.5Au+Ga+As ↑ (ΔH=0.701eV)33,34. Here, as in the GaP case, the number of Au atoms 
involved in the process is estimated as a fraction of the whole nanostructure area which is below the 
average substrate surface level. More details on the dynamics of the metallic nanostructures grown after 
thin Au layer deposition on GaAs(001) surface can be found in recent paper by present authors in Ref.85.  
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Discussion 
 
 
A set of the seven experimental parameters of the studied nanostructures derived from the SEM, AFM 
and TEM measurements (i.e. size, surface density, diffusion radius, height, nanostructure’s volume under 
the substrate surface, Au content, and number of Au atoms needed to release one AIII metallic atom on 
the surface - Supporting Information Table S3) were analyzed by Machine Learning methods 
(multidimensional scaling - MDS44) to extract the existing relations between these parameters. This 
Figure 6: Analysis of the properties of the nanostructures grown on InSb(001), InP(001), InAs(001), GaSb(001), GaAs(001), 
and GaP(001) surfaces after the deposition of 2ML of Au at 330 oC. In (a) Machine Learning Multidimensional Scaling 
(MDS) 2D projection of the nanostructures multidimensional parameter space, together with the result of k-means clustering 
on the multidimensional data indicated by the colours red and blue. Two groups of points that are close together in the 
multidimensional space of nanostructures parameters were found. In (b) the dependence of the nanostructure’s average lateral 
size on the average surface diffusion radius is shown. The red dashed line is a linear fit to the data points. A nanostructure-
substrate interface type for indium- and gallium-based semiconductors versus the heat of formation (binding energy) for the 
AIII-BV semiconductor is presented in (c) and (d), respectively. The diagrams show AIII-BV crystallographic planes at the 
interface, ordered according to their stability (surface energy) and their relative occurrence.  
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approach allows to visualize the multidimensional system on the 2D plot without any assumption on the 
particular relation between these parameters. To do so, we used the k-means clustering method45. In Fig. 
6a the computed MDS projection of the map into 2D plot together with the results of the k-means 
clustering is presented. The k-means clustering approach separate data for indium- and gallium-based 
AIII-BV substrates pointing out that Ga-based and In-based AIII-BV semiconductors interact differently 
with Au. This is related to the different AIII-BV compound stability when in contact with Au16. 
Furthermore, the morphological parameters, like the average size, surface density, and the average 
surface diffusion radius of the nanostructures grown split into separate two groups when they are studied 
as a function of the heat of formation HoF (binding energy) of the AIII-BV semiconductor46. Again those 
two groups are related  to indium- and gallium-based substrates (see Fig. S4 in supporting information). 
There is also a strong linear correlation between the structure average size and the average surface 
diffusion radius for all the studied AIII-BV substrates as depicted in Fig. 6b. This indicates that 
independently of the chemical interaction mechanism between Au and AIII-BV semiconductors, the 
nanostructures are mainly formed as a results of the surface diffusion of adatoms and their nucleation. In 
Fig. 6 c-d the supporting AIII-BV facets formed at the interfaces with the nanostructures are plotted as a 
function of the heat of formation for AIII-BV semiconductors. The relative occurrence of the particular 
facet is given and the facets are ordered accordingly to their stability, i.e., surface energy47. In Fig. 6c it 
is seen that for the InSb, the semiconductor with the lowest binding energy, there is high Au-induced 
etching of the (001) surface, and facets with a higher stability (311) and (111) are formed. As the 
semiconductor binding energy increases (like the ones of InAs and InP) the efficiency of Au-induced 
etching of the (001) surface is meaningfully decreases, for the same experimental conditions, thus only 
(001) facets are present. The situation is similar for gallium-based semiconductors as shown in Fig. 6d. 
For the lowest binding energy (GaSb) the (001) surface etching is very high, so only (111) facets are 
formed. When the binding energy increases (for GaAs) the (001) facets start to appear (40%) and with 
still the increasing of binding energy (like the one for GaP) the (001) facet starts to dominate (70%). 
Such hierarchy in the surface etching by Au atoms and facets formation is also observed for single-
component semiconductors such as Si or Ge48,49. 
The above mentioned observations point out that mechanism of Au-induced breaking of AIII-BV bonds 
is the main process of the nanostructure interface formation due to the preferential etching of the substrate 
surface, leading finally to the formation of the facets having the smallest surface energies47. Thus, the 
metallic nanostructures grow by forming preferentially (111) crystallographic facets which are of the 
lower surface energy50,51. 
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In Table 1 the experimentally evaluated number of Au atoms engaged in the release of one AIII metallic 
atom together with a leading chemical reaction and heat of formation of an AIII-BV semiconductor are 
presented. 
Examined System 
AIII-BV Heat of 
Formation [kJ*mol-1]46 
Chemical Reaction 
(ΔH - calculated reaction enthalpy33,34 ) 
Number of Au atoms 
needed to release one 
AIII metallic atom 
on the surface (this 
experiment) 
2ML Au on InSb(001) 
-36.9 
Au+2InSb → AuIn2 + 2Sb ↑ (ΔH= − 0.215eV) 0.5 
2ML Au on InAs(001) 
-62.8 
3Au+InAs → InAu3+As ↑ (ΔH= − 0.007eV) 3 
2ML Au on InP(001) 
-74 
Au+2InP → AuIn2 + 2𝑃 ↑ (ΔH=0.172eV) 0.5 
2ML Au on GaSb(001) 
-51.9 
Au+2GaSb → AuGa2 + 2Sb ↑ (ΔH= − 0.046eV) 0.5 
2ML Au on GaAs(001) 
-94.4 
2.5Au+GaAs → 2.5Au+Ga+As ↑ (ΔH=0.701eV) 2.5(0.4) 
2ML Au on GaP(001) 
-110.7 
5.9Au+GaP → 5.9Au+Ga+P ↑ (ΔH=0.823eV) 5.9(0.34) 
Table 1: The chemical reactions contributing to the Au nanostructures formation on AIII-BV semiconductor surfaces 
resulting from 2ML Au deposition at 330oC, as derived from our measurements. 
 
We have found that depending on the HoF of the studied AIII-BV semiconductors the metallic 
nanostructures grown can be of pure Au or Au-AIII alloy. This is related to the chemical substrate stability 
against interaction with Au. When the system is strongly bound (more negative heat of formation), it is 
difficult to supply for the AIII metal (In, Ga) on the surface to form an alloy, so the formed structures 
phase is comprised of pure Au. 
 
Conclusions 
 
In conclusion, we have studied the interactions of 2 ML of Au with different AIII-BV (001) 
semiconductor surfaces at nanoscale. It has been found that the Au-rich nanostructures grown in this 
process are crystalline and in epitaxy with the AIII-BV substrate. The Au diffusion into the bulk lattice 
is very efficient only for the InSb crystal which is material of the lowest binding energy in the group of 
studied AIII-BV semiconductors.To rationalize the mechanism of Au diffusion into In-Sb lattice the DFT 
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calculations were performed to determine the most stable atomic arrangement of diffusing Au atoms into 
the In-Sb lattice. Furthermore, a difference has been found in the Au interactions with In-based and Ga-
based semiconductors, as confirmed by Machine Learning MDS and k-means analysis. The analysis 
uncovered also that independently of the strength of Au interactions with AIII-BV semiconductor, the 
main driving force of nanostructures formation is the surface diffusion and nucleation of adatoms 
produced by the chemical reactions induced by Au atoms. Our studies also show that the chemical 
composition of the nanostructures depend on the AIII-BV semiconductor binding energy (heat of 
formation): as the AIII-BV binding energy increases the efficiency of Au-induced etching of the substrate 
surface decreases so for the AIII-BV of highest binding energy the nanostructures are made of pure gold. 
A deeper knowledge of the interactions between Au and the AIII-BV semiconductors at the atomic level, 
as presented in our thoroughly systematic work, will enhance the understanding of the AIII-BV 
nanowires growth and will improve the construction of new future semiconductor electronic devices 
based of AIII-BV technology.          
 
 
 
 
 
 19/31 
Methods 
 
Au/AIII-BV sample preparation 
N-doped epi-ready indium antimonide – InSb(001), indium arsenide – InAs(001), indium phosphide – 
InP(001), gallium antimonide – GaSb(001), gallium arsenide – GaAs(001) and gallium phosphide - 
GaP(001) crystals were mounted on molybdenum plates. Prior to the introduction into the UHV 
Molecular Beam Epitaxy (MBE) system, with a base pressure of 1·10-10 mbar, the samples were rinsed 
with isopropanol and ethanol and finally dried in a flow of air. The sample temperature was measured 
by a pyrometer (LumaSense , model IGA 140) with ε=0.55 for InSb and ε=0.5 for InAs, InP, GaSb, 
GaAs and GaP. The substrate surfaces were initially out-gassed for 1h at 150 ºC. In order to remove the 
oxide layer the samples were exposed to low energy, 700 eV Ar+ ion bombardment at a 60 deg incident 
angle at room temperature (RT). Subsequently, the substrate surfaces were cleaned in cycles of ion-
beam irradiation at T=400 ºC (InSb), T=427 ºC (InAs), T=450 ºC (InP), T=440 ºC (GaSb) T=500 ºC 
(GaAs), T=520 ºC (GaP) and annealing at T=450 ºC (InSb), T=477 ºC (InAs), T=470 ºC (InP), T=500 
ºC (GaSb), T=550 ºC (GaAs), T=570 ºC (GaP) until the c(8x2) InSb(001), (4x2) InAs(001), (4x2) 
InP(001), (3x1) GaSb(001), c(8x2) GaAs(001), (4x2) GaP(001) reflection high energy diffraction 
(RHEED) pattern was observed (see supporting information Fig. S3 and Fig. 1a). Such a cleaning 
procedure results in atomically flat surfaces as already imaged with an atomic force microscopy52. On 
the prepared surfaces 2 ML of Au was deposited at sample temperature of 330 C and a rate of 0.1 ML 
min-1 as checked by a quartz microbalance. After Au deposition the samples were cooled down to RT at 
a rate of 10 C min-1. 
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Au/AIII-BV sample characterization and analysis 
The samples were transferred in an ambient condition to a Dual Beam SEM/FIB FEI Quanta 3D FEG 
microscope equipped with an EDAX EDX/EBSD/WDS microanalysis system for further investigation; 
this being installed at the Jagiellonian University’s Institute of Physics, Krakow Poland. The size and 
surface density of the developed nanostructures were evaluated from SEM images using free software 
ImageJ/FIJI 53. The nanostructure size was calculated as the square root of the nanostructure area. The 
average diffusion radius r i.e., the average distance between the nanostructures, was calculated from the 
nanostructures surface density D accordingly to r=1 2⁄
1
√𝐷
. The extracted results were presented in 
dependence of studied AIII-BV semiconductors ordered accordingly to their heat of formation (binding 
energy)46, where the most negative value corresponds to the strongest bound system. The surface 
morphologies of the samples were also imaged by the 5500 Agilent Atomic Force Microscope in a 
tapping mode to provide the height of the nanostructures. Later, the atomically resolved HAADF 
STEM measurements where the contrast is proportional to the atomic number Z and to the sample 
thickness54, were performed using a FEI (S)TEM Titan3 G2 60-300 microscope equipped with a 
monochromator, a probe Cs corrector (DCOR) and  ChemiSTEM technology (an X-FEG field-
emission electron gun and four windowless detectors of the Super-X EDX system)55 operated at 300 
kV and installed at  AGH, Krakow Poland. HAADF-STEM images were acquired with a convergence 
angle of 20 mrad and a probe current of 80 pA. The EDX chemical composition maps were collected 
using a FEI Tecnai Osiris 200 kV TEM microscope equipped with ChemiSTEM technology installed at 
the Jagiellonian University, Krakow, Poland. For the chemical composition determination the Cliff-
Lorimer method was used, as implemented in the ESPRIT manufacturer software from Bruker. For the 
TEM measurements thin foils (lamellae) were prepared by a SEM/FIB dual beam system (FEI Quanta 
3D FEG) using a focused ion beam (FIB). 
The identification of the formed phases in the examined systems, as verified by the calculated phase 
diagrams from the Materials Project33–35 and OQMD56,57 as well as experimental ones17,19–21 (see 
supporting information Fig. S2, Table S2), was based on the analysis of atomically resolved HAADF 
STEM measurements by examining the interplanar spacing and angles together with the results of the 
performed EDX experiments (see supporting information Table S4) and the HAADF contrast. The 
simulations of the identified phases structural models, within the proper zone axis projection, as prepared 
by free VESTA software58, were overlaid onto the HAADF experimental data. 
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The determination of the strain fields was performed by means of Geometric Phase Analysis (GPA)59 of 
atomically resolved HAADF STEM images using the free software Strain++60. The ellipticity of the 
atomic columns was extracted from atomically resolved HAADF STEM images by means of the free 
software Atomap40. 
The multivariate statistical analysis of nanostructures parameters (height, size, density, chemical 
composition etc., see Table S3 in the supporting information) was performed by Machine Learning 
Multidimensional Scaling (MDS)44 and k-means clustering45 together with Silhouettes scoring61 for the 
number of clusters estimation using the free software Orange62. 
The Multidimensional Scaling (MDS)44 is a technique which finds a two dimensional projection of the 
multidimensional data by trying to preserve the distance between the points as much as possible. So the 
points with similar properties in multidimensional space are close together in the MDS projection. This 
method takes as an input dissimilarities between pairs of items in a matrix form and outputs matrix of 
coordinates (simply speaking: this is like giving as the input the distances between the cities and as the 
outputs the coordinate of each city). Using this technique one can visualize multidimensional set of 
data as a simple X-Y scatter plot. Here, the points for the nanostructures with similar physical 
properties (like height, size, density) are close together (for details about MDS and its applications 
please look into Ref. 63,64).  
The k-means clustering45 is a method which searches for the group of points that are close together in 
the multidimensional space (clusters). It assumes that each point is closer to its own cluster center than 
to different cluster centers. This is accomplished by minimizing the sum of squares between the points 
and cluster centers (centroids) defined as arithmetic mean of all points which belong to the cluster. The 
cluster search is performed iteratively (repetitively) to optimize in each iteration the cluster centers. The 
initial cluster centers are selected randomly. The conditions for the successful clustering, is the stability 
of the cluster center positions in the next iteration (for details about k-means please look into Ref.65).    
 
Machine Learning HAADF STEM Image Quantification 
The HAADF STEM image quantification was performed for the Au/InSb system to distinguish 
between the columns containing Au atoms and the pure In-Sb columns (assuming a constant sample 
thickness). The image was segmented into cells containing atomic columns66,67. This has the advantage 
that all the image scattering is associated with a particular atomic column. Intermixing between the Au 
and In-Sb phases is studied column-by-column, in a similar way to49.  As a result of the noise inherent 
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to the experiment, we used Machine Learning algorithms i.e. Random Forest68,69, which uses a multiple 
of decision trees which are trained on the subset of the data to classify (group into classes) the full 
dataset. The classified data comes with a derived classification probability. The random forest could be 
simply understood as a “wisdom of the crowd”, in a computer one creates a virtual crowd (decision 
trees) which are trained and can answer questions (classify data) i.e. this part of the data is class A and 
the other one is B (for details about Random Forest and its applications please look into Ref.70,71). 
The Random Forest method was used as implemented in Trainable Weka Segmentation37 to statistically 
distinguish between these phases, as successfully used in HAADF STEM Tomography72. Here, we 
used experimental HAADF signal references for training of pure Au columns (from AuIn2 nanowire) 
and pure In-Sb columns (from the bulk), the following training features for cells containing atomic 
columns were used: mean, median, variance, maximum, minimum. The full dataset i.e. atomic columns 
were classify into In-Sb columns and Au columns together with classification probability for Au and 
In-Sb columns. The resulted probability of finding Au is directly proportional to the number of Au 
atoms in the atomic column (here assuming a constant sample thickness) and since 
ProbabilityAu+ProbabilityInSb=1, so the probability of finding Au is directly the Au atoms concentration 
in the sample (value “1” corresponds to the concentration of 100 atomic %), for details see supporting 
information (Fig. S1, Table S1). The estimated relative uncertainty of the performed HAADF STEM 
chemical quantification as a result of the local sample thickness variation is 10.2%. The estimated 
maximal relative uncertainty of the performed quantification related to the validity of the whole 
chemical quantification procedure is 12.6% (in comparison with EDX measurements). For details see 
the supporting information on pages S3-S4. 
 
Density Functional Theory (DFT) calculations 
The quantum-chemical calculations of gold build up into the InSb lattice were performed by using 
DFT/GGA with the use of the VASP73–75 code with the following settings: the energy cut-off was set to 
400 eV, the sampling of the irreducible Brillouin zone was done according to the Monkhorst-Pack76  
scheme with IBZ sampling in the range of 0.008-0.03 Å–1; employed was the Blöchl’s projector 
augmented wave (PAW)77,78 method for representing valence-core interactions together with the PBE79 
functional. The dispersion effects were accounted for by the empirical Tkatchenko-Scheffler 
correction80. The Methfessel-Paxton81 smearing with σ width of 0.1 eV was used. For solving the 
Kohn-Sham equations the SCF convergence criterion was an energy change between two successive 
iterations lower than 10-5 eV. Geometry optimization parameters were selected in order to obtain 
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corrections to the forces acting on ions of less than 0.001 eV/Å. The cell optimisation was performed 
via the Birch-Murnaghan equation of state82. The model cell was built as the supercell of 1×8×1 (for 
higher Au concentrations) to 4×8×4 (for lower Au concentrations) primitive InSb unit cells. The 
thermodynamic functions were taken from the harmonic approximation approach and were verified by 
the classical Born-Oppenheimer molecular dynamics (MD) based calculations of Gibbs free energy. 
The MD calculations were performed using Universal Force Field (UFF) with 1 fs time step (sufficient 
for the systems with heavy atoms and for the temperature used), the total time of simulations was equal 
to 500 ps. The NPT ensemble with a Nosé83 thermostat (T = 330 °C) and Berendsen84 barostat 
(p = 0.0 GPa) were used in the simulations. 
 24/31 
Author contributions 
 
 
B.R.J. and A.J. contributed to the characterization of the samples by RHEED/SEM and 
RHEED/SEM/TEM data analysis and interpretation. A.J. prepared the samples in UHV. A.K., G.C., A.K. 
and A.C-F. contributed to the HAADF STEM measurements. P.I. contributed to the TEM and EDX 
measurements. B.R.J. contributed to the FIB sample preparation and to the HAADF STEM image 
quantification by Machine Learning, the ellipticity analysis of the atomic columns and the Machine 
Learning multivariate statistical analysis of the data. W.P. contributed to the DFT and MD simulation of 
Au build up into an InSb lattice. K.S. contributed to the AFM measurements. B.R.J. prepared the 
manuscript together with A.J. and F.K. in consultation with all the authors. F.K. initiated and organized 
this project. 
 
 
 25/31 
Acknowledgments 
 
We gratefully acknowledge R. Abdank Kozubski for his fruitful discussions. 
The support of the Polish National Science Center (UMO-2015/19/B/ST5/01841) and of the Polish 
Ministry of Science and Higher Education under the grant 7150/E-338/M/2016 is acknowledged. 
 26/31 
Competing financial interests 
 
The authors declare no competing financial interests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 27/31 
References 
 
(1)  Hayden, O.; Agarwal, R.; Lu, W. Semiconductor Nanowire Devices. Nano Today 2008, 3 (5–6), 
12–22. http://dx.doi.org/10.1016/S1748-0132(08)70061-6. 
(2)  del Alamo, J. A. Nanometre-Scale Electronics with III-V Compound Semiconductors. Nature 
2011, 479 (7373), 317–323. 
(3)  Nikonov, D. E.; Young, I. A. Overview of Beyond-CMOS Devices and a Uniform Methodology 
for Their Benchmarking. Proc. IEEE 2013, 101 (12), 2498–2533. 
https://doi.org/10.1109/JPROC.2013.2252317. 
(4)  Cheng, W.-H.; Richter, M. H.; May, M. M.; Ohlmann, J.; Lackner, D.; Dimroth, F.; Hannappel, T.; 
Atwater, H. A.; Lewerenz, H.-J. Monolithic Photoelectrochemical Device for Direct Water 
Splitting with 19% Efficiency. ACS Energy Lett. 2018, 3 (8), 1795–1800. 
https://doi.org/10.1021/acsenergylett.8b00920. 
(5)  Schmid, H.; Borg, M.; Moselund, K.; Gignac, L.; Breslin, C. M.; Bruley, J.; Cutaia, D.; Riel, H. 
Template-Assisted Selective Epitaxy of III–V Nanoscale Devices for Co-Planar Heterogeneous 
Integration with Si. Appl. Phys. Lett. 2015, 106 (23), 233101. https://doi.org/10.1063/1.4921962. 
(6)  Geum, D.-M.; Park, M.-S.; Lim, J. Y.; Yang, H.-D.; Song, J. D.; Kim, C. Z.; Yoon, E.; Kim, S.; 
Choi, W. J. Ultra-High-Throughput Production of III-V/Si Wafer for Electronic and Photonic 
Applications. Sci. Rep. 2016, 6, 20610–. 
(7)  Borg, M.; Schmid, H.; Gooth, J.; Rossell, M. D.; Cutaia, D.; Knoedler, M.; Bologna, N.; Wirths, 
S.; Moselund, K. E.; Riel, H. High-Mobility GaSb Nanostructures Cointegrated with InAs on Si. 
ACS Nano 2017, 11 (3), 2554–2560. https://doi.org/10.1021/acsnano.6b04541. 
(8)  Duan, X.; Huang, Y.; Cui, Y.; Wang, J.; Lieber, C. M. Indium Phosphide Nanowires as Building 
Blocks for Nanoscale Electronic and Optoelectronic Devices. Nature 2001, 409 (6816), 66–69. 
(9)  Wallentin, J.; Anttu, N.; Asoli, D.; Huffman, M.; Åberg, I.; Magnusson, M. H.; Siefer, G.; Fuss-
Kailuweit, P.; Dimroth, F.; Witzigmann, B.; et al. InP Nanowire Array Solar Cells Achieving 
13.8% Efficiency by Exceeding the Ray Optics Limit. Science 2013, 339 (6123), 1057–1060. 
https://doi.org/10.1126/science.1230969. 
(10)  Mohseni, P. K.; Behnam, A.; Wood, J. D.; Zhao, X.; Yu, K. J.; Wang, N. C.; Rockett, A.; Rogers, 
J. A.; Lyding, J. W.; Pop, E.; et al. Monolithic III-V Nanowire Solar Cells on Graphene via Direct 
van Der Waals Epitaxy. Adv. Mater. 2014, 26 (22), 3755–3760. 
https://doi.org/10.1002/adma.201305909. 
(11)  Hwang, Y. J.; Wu, C. H.; Hahn, C.; Jeong, H. E.; Yang, P. Si/InGaN Core/Shell Hierarchical 
Nanowire Arrays and Their Photoelectrochemical Properties. Nano Lett. 2012, 12 (3), 1678–1682. 
https://doi.org/10.1021/nl3001138. 
(12)  Standing, A.; Assali, S.; Gao, L.; Verheijen, M. A.; van Dam, D.; Cui, Y.; Notten, P. H. L.; 
Haverkort, J. E. M.; Bakkers, E. P. A. M. Efficient Water Reduction with Gallium Phosphide 
Nanowires. Nat. Commun. 2015, 6, 7824–. 
(13)  Dolores-Calzadilla, V.; Romeira, B.; Pagliano, F.; Birindelli, S.; Higuera-Rodriguez, A.; van 
Veldhoven, P. J.; Smit, M. K.; Fiore, A.; Heiss, D. Waveguide-Coupled Nanopillar Metal-Cavity 
Light-Emitting Diodes on Silicon. Nat. Commun. 2017, 8, 14323–. 
(14)  Zamani, R. R.; Hage, F. S.; Lehmann, S.; Ramasse, Q. M.; Dick, K. A. Atomic-Resolution 
Spectrum Imaging of Semiconductor Nanowires. Nano Lett. 2018, 18 (3), 1557–1563. 
https://doi.org/10.1021/acs.nanolett.7b03929. 
(15)  Kolasinski, K. W. Catalytic Growth of Nanowires: Vapor–Liquid–Solid, Vapor–Solid–Solid, 
Solution–Liquid–Solid and Solid–Liquid–Solid Growth. Curr. Opin. Solid State Mater. Sci. 2006, 
10 (3–4), 182–191. http://dx.doi.org/10.1016/j.cossms.2007.03.002. 
 28/31 
(16)  Dick, K. A.; Deppert, K.; Karlsson, L. S.; Wallenberg, L. R.; Samuelson, L.; Seifert, W. A New 
Understanding of Au-Assisted Growth of III–V Semiconductor Nanowires. Adv. Funct. Mater. 
2005, 15 (10), 1603–1610. https://doi.org/10.1002/adfm.200500157. 
(17)  Thomas, T. C.; Williams, R. S. Solid Phase Equilibria in the Au-Ga-As, Au-Ga-Sb, Au-In-As, and 
Au-In-Sb Ternaries. J. Mater. Res. 4AD, 1 (2), 352–360. https://doi.org/10.1557/JMR.1986.0352. 
(18)  C.T.Tsai, J. H. P.; Williams, R. S. INTERFACIAL CHEMICAL REACTIONS OF Au WITH III–
V COMPOUND SEMICONDUCTORS. Off. Nav. Res. Tech. Rep. 1988, AD-A198-610 (8), 1–23. 
(19)  Hassam, S.; Rogez, J.; Bahari, Z. Experimental Phase Diagram of the AuSb–InSb Section in the 
Au–In–Sb System. J. Chem. Thermodyn. 2014, 70, 168–175. 
http://dx.doi.org/10.1016/j.jct.2013.09.025. 
(20)  Elliott, R. P.; Shunk, F. A. The Au-Ga (Gold-Gallium) System. Bull. Alloy Phase Diagr. 1981, 2 
(3), 356–358. 
(21)  Okamoto, H. Au-In (Gold-Indium). J Phase Equilib Diffus 2004, 25 (2), 197–198. 
(22)  Pugh, J. H.; Williams, R. S. Entropy-Driven Loss of Gas Phase Group V Species from Gold/III-V 
Compound Semiconductor Systems. J. Mater. Res. 4AD, 1 (2), 343–351. 
https://doi.org/10.1557/JMR.1986.0343. 
(23)  I. Mojzes, B. K., B. Pecz, R. Veresegyhazy. THERMAL DECOMPOSITION OF COMPOUND 
SEMICONDUCTORS COVERED WITH THIN METALLIC LAYERS. Period. Polytech. Electr. 
Eng. 1991, 35 (4), 235–249. 
(24)  Wang, N.; Cai, Y.; Zhang, R. Q. Growth of Nanowires. Mater. Sci. Eng. R Rep. 2008, 60 (1–6), 1–
51. http://dx.doi.org/10.1016/j.mser.2008.01.001. 
(25)  da Silva, B. C.; Oliveira, D. S.; Iikawa, F.; Couto, O. D. D.; Bettini, J.; Zagonel, L. F.; Cotta, M. 
A. Exploring Au Droplet Motion in Nanowire Growth: A Simple Route toward Asymmetric GaP 
Morphologies. Nano Lett. 2017, 17 (12), 7274–7282. 
https://doi.org/10.1021/acs.nanolett.7b02770. 
(26)  Rideout, V. L. A Review of the Theory and Technology for Ohmic Contacts to Group III-V 
Compound Semiconductors. Solid-State Electron. 1975, 18 (6), 541–550. 
(27)  Tung, R. T. (董梓則). The Physics and Chemistry of the Schottky Barrier Height. Appl. Phys. Rev. 
2014, 1 (1), 011304–. https://doi.org/10.1063/1.4858400. 
(28)  Fadaly, E. M. T.; Zhang, H.; Conesa-Boj, S.; Car, D.; Gül, Ö.; Plissard, S. R.; Op het Veld, R. L. 
M.; Kölling, S.; Kouwenhoven, L. P.; Bakkers, E. P. A. M. Observation of Conductance 
Quantization in InSb Nanowire Networks. Nano Lett. 2017, 17 (11), 6511–6515. 
https://doi.org/10.1021/acs.nanolett.7b00797. 
(29)  Smit, G. D. J.; Rogge, S.; Klapwijk, T. M. Scaling of Nano-Schottky-Diodes. Appl. Phys. Lett. 
2002, 81 (20), 3852–3854. https://doi.org/10.1063/1.1521251. 
(30)  Lancaster, S.; Maxwell Andrews, A.; Zederbauer, T.; MacFarland, D.; Strasser, G.; Detz, H. 
Schottky Diode Formation in GaAs Nanowires by Heterogeneous Contact Deposition. NanoFIS 
2016 - Funct. Integr. Nano Syst. 27 - 29 June 2016 2017, 4 (7, Part 2), 7101–7106. 
(31)  Hirst, L. C.; Kotulak, N. A.; Tomasulo, S.; Abell, J.; González, M.; Yakes, M. K.; Meyer, J. R.; 
Walters, R. J.; Song, C. Y.; Specht, P.; et al. Imaging Atomic-Scale Clustering in III-V 
Semiconductor Alloys. ACS Nano 2017, 11 (3), 2734–2741. 
https://doi.org/10.1021/acsnano.6b07732. 
(32)  Jany, B. R.; Janas, A.; Krok, F. Retrieving the Quantitative Chemical Information at Nanoscale 
from Scanning Electron Microscope Energy Dispersive X-Ray Measurements by Machine 
Learning. Nano Lett. 2017, 17 (11), 6520–6525. https://doi.org/10.1021/acs.nanolett.7b01789. 
(33)  Jain, A.; Hautier, G.; Ong, S.; Moore, C.; Fischer, C.; Persson, K.; Ceder, G. Formation Enthalpies 
by Mixing GGA and GGA + U Calculations. Phys. Rev. B 2011, 84 (4), 045115. 
https://doi.org/10.1103/PhysRevB.84.045115. 
 29/31 
(34)  Jain, A.; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.; Dacek, S.; Cholia, S.; Gunter, D.; 
Skinner, D.; Ceder, G.; et al. The Materials Project: A Materials Genome Approach to 
Accelerating Materials Innovation. APL Mater. 2013, 1 (1), 011002. 
https://doi.org/10.1063/1.4812323. 
(35)  Ding, H.; Dwaraknath, S. S.; Garten, L.; Ndione, P.; Ginley, D.; Persson, K. A. Computational 
Approach for Epitaxial Polymorph Stabilization through Substrate Selection. ACS Appl. Mater. 
Interfaces 2016, 8 (20), 13086–13093. https://doi.org/10.1021/acsami.6b01630. 
(36)  Szymonski, M.; Goryl, M.; Krok, F.; Kolodziej, J. J.; de Mongeot, F. B. Metal Nanostructures 
Assembled at Semiconductor Surfaces Studied with High Resolution Scanning Probes. 
Nanotechnology 2007, 18 (4), 044016–. 
(37)  Hall, M.; Frank, E.; Holmes, G.; Pfahringer, B.; Reutemann, P.; Witten, I. H. The WEKA Data 
Mining Software: An Update. SIGKDD Explor Newsl 2009, 11 (1), 10–18. 
https://doi.org/10.1145/1656274.1656278. 
(38)  CHO, S.-P.; HARA, N.; NARUSE, N.; KADOHIRA, T.; NAKAMURA, J.; OSAKA, T. Alloying 
Processes in the Au/InSb(111)A System. Hyomen Kagaku 2003, 24 (2), 111–117. 
https://doi.org/10.1380/jsssj.24.111. 
(39)  He, Q.; Ishikawa, R.; Lupini, A. R.; Qiao, L.; Moon, E. J.; Ovchinnikov, O.; May, S. J.; Biegalski, 
M. D.; Borisevich, A. Y. Towards 3D Mapping of BO6 Octahedron Rotations at Perovskite 
Heterointerfaces, Unit Cell by Unit Cell. ACS Nano 2015, 9 (8), 8412–8419. 
https://doi.org/10.1021/acsnano.5b03232. 
(40)  Nord, M.; Vullum, P. E.; MacLaren, I.; Tybell, T.; Holmestad, R. Atomap: A New Software Tool 
for the Automated Analysis of Atomic Resolution Images Using Two-Dimensional Gaussian 
Fitting. Adv. Struct. Chem. Imaging 2017, 3 (1), 9–. 
(41)  Wang, F.; Wang, C.; Wang, Y.; Zhang, M.; Han, Z.; Yip, S.; Shen, L.; Han, N.; Pun, E. Y. B.; Ho, 
J. C. Diameter Dependence of Planar Defects in InP Nanowires. Sci. Rep. 2016, 6, 32910–. 
(42)  Chung, D. D. L.; Beam, E. Gold on GaAs: Its Crystallographic Orientation and Control on the 
Orientation of the Au-Ga Reaction Product. Thin Solid Films 1985, 128 (3), 299–319. 
http://dx.doi.org/10.1016/0040-6090(85)90081-1. 
(43)  Fauske, V. T.; Huh, J.; Divitini, G.; Dheeraj, D. L.; Munshi, A. M.; Ducati, C.; Weman, H.; 
Fimland, B.-O.; van Helvoort, A. T. J. In Situ Heat-Induced Replacement of GaAs Nanowires by 
Au. Nano Lett. 2016, 16 (5), 3051–3057. https://doi.org/10.1021/acs.nanolett.6b00109. 
(44)  Torgerson, W. S. Multidimensional Scaling: I. Theory and Method. Psychometrika 1952, 17 (4), 
401–419. 
(45)  MacQueen, J. Some Methods for Classification and Analysis of Multivariate Observations. In 
Fifth Berkeley Symposium on Mathematical Statistics and Probability; University of California 
Press: Berkeley, Calif., 1967; pp 281–297. 
(46)  Yamaguchi, K.; Takeda, Y.; Kameda, K.; Itagaki, K. Measurements of Heat of Formation of GaP, 
InP, GaAs, InAs, GaSb and InSb. Mater. Trans. JIM 1994, 35 (9), 596–602. 
https://doi.org/10.2320/matertrans1989.35.596. 
(47)  Sibirev, N. V.; Timofeeva, M. A.; Bol’shakov, A. D.; Nazarenko, M. V.; Dubrovskiĭ, V. G. Surface 
Energy and Crystal Structure of Nanowhiskers of III–V Semiconductor Compounds. Phys. Solid 
State 2010, 52 (7), 1531–1538. https://doi.org/10.1134/S1063783410070309. 
(48)  Curiotto, S.; Leroy, F.; Cheynis, F.; Müller, P. Surface-Dependent Scenarios for Dissolution-
Driven Motion of Growing Droplets. Sci. Rep. 2017, 7 (1), 902–. 
(49)  Jany, B. R.; Gauquelin, N.; Willhammar, T.; Nikiel, M.; van den Bos, K. H. W.; Janas, A.; Szajna, 
K.; Verbeeck, J.; Van Aert, S.; Van Tendeloo, G.; et al. Controlled Growth of Hexagonal Gold 
Nanostructures during Thermally Induced Self-Assembling on Ge(001) Surface. Sci. Rep. 2017, 7, 
42420–. 
 30/31 
(50)  Vitos, L.; Ruban, A. V.; Skriver, H. L.; Kollár, J. The Surface Energy of Metals. Surf. Sci. 1998, 
411 (1–2), 186–202. http://dx.doi.org/10.1016/S0039-6028(98)00363-X. 
(51)  Tran, R.; Xu, Z.; Radhakrishnan, B.; Winston, D.; Sun, W.; Persson, K. A.; Ong, S. P. Surface 
Energies of Elemental Crystals. Sci. Data 2016, 3, 160080–. 
(52)  Kolodziej, J. J.; Such, B.; Goryl, M.; Krok, F.; Piatkowski, P.; Szymonski, M. Surface Structure 
Investigations Using Noncontact Atomic Force Microscopy. Appl. Surf. Sci. 2006, 252 (21), 
7614–7623. https://doi.org/10.1016/j.apsusc.2006.03.054. 
(53)  Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; 
Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An Open-Source Platform for Biological-Image 
Analysis. Nat Meth 2012, 9 (7), 676–682. 
(54)  Krivanek, O. L.; Chisholm, M. F.; Nicolosi, V.; Pennycook, T. J.; Corbin, G. J.; Dellby, N.; 
Murfitt, M. F.; Own, C. S.; Szilagyi, Z. S.; Oxley, M. P.; et al. Atom-by-Atom Structural and 
Chemical Analysis by Annular Dark-Field Electron Microscopy. Nature 2010, 464 (7288), 571–
574. 
(55)  Schlossmacher, P.; Klenov, D. O.; Freitag, B.; von Harrach, H. S. Enhanced Detection Sensitivity 
with a New Windowless XEDS System for AEM Based on Silicon Drift Detector Technology. 
Microsc. Today 2010, 18 (4), 14–20–. 
(56)  Saal, J. E.; Kirklin, S.; Aykol, M.; Meredig, B.; Wolverton, C. Materials Design and Discovery 
with High-Throughput Density Functional Theory: The Open Quantum Materials Database 
(OQMD). JOM 2013, 65 (11), 1501–1509. https://doi.org/10.1007/s11837-013-0755-4. 
(57)  Kirklin, S.; Saal, J. E.; Meredig, B.; Thompson, A.; Doak, J. W.; Aykol, M.; Rühl, S.; Wolverton, 
C. The Open Quantum Materials Database (OQMD): Assessing the Accuracy of DFT Formation 
Energies. Npj Comput. Math. 2015, 1, 15010. https://doi.org/10.1038/npjcompumats.2015.10. 
(58)  Momma, K.; Izumi, F. It VESTA3 for Three-Dimensional Visualization of Crystal, Volumetric and 
Morphology Data. J. Appl. Crystallogr. 2011, 44 (6), 1272–1276. 
https://doi.org/10.1107/S0021889811038970. 
(59)  Hÿtch, M. J.; Snoeck, E.; Kilaas, R. Quantitative Measurement of Displacement and Strain Fields 
from HREM Micrographs. Ultramicroscopy 1998, 74 (3), 131–146. 
(60)  Peters, J. J. P.; Beanland, R.; Alexe, M.; Cockburn, J. W.; Revin, D. G.; Zhang, S. Y.; Sanchez, A. 
M. Artefacts in Geometric Phase Analysis of Compound Materials. Ultramicroscopy 2015, 157, 
91–97. 
(61)  Rousseeuw, P. J. Silhouettes: A Graphical Aid to the Interpretation and Validation of Cluster 
Analysis. J. Comput. Appl. Math. 1987, 20, 53–65. 
(62)  Demšar, J.; Curk, T.; Erjavec, A.; Gorup, Č.; Hočevar, T.; Milutinovič, M.; Možina, M.; Polajnar, 
M.; Toplak, M.; Starič, A.; et al. Orange: Data Mining Toolbox in Python. J. Mach. Learn. Res. 
2013, 14, 2349–2353. 
(63)  Borg, I.; Groenen, P. J. F. Modern Multidimensional Scaling: Theory and Applications, 2nd ed.; 
Springer Series in Statistics; Springer-Verlag: New York, 2005. 
(64)  Borg, I.; Groenen, P. J. F.; Mair, P. Applied Multidimensional Scaling; SpringerBriefs in Statistics; 
Springer-Verlag: Berlin Heidelberg, 2013. 
(65)  Wu, J. Advances in K-Means Clustering: A Data Mining Thinking; Springer Theses; Springer-
Verlag: Berlin Heidelberg, 2012. 
(66)  Rosenauer, A.; Mehrtens, T.; Müller, K.; Gries, K.; Schowalter, M.; Satyam, P. V.; Bley, S.; 
Tessarek, C.; Hommel, D.; Sebald, K.; et al. Composition Mapping in InGaN by Scanning 
Transmission Electron Microscopy. Ultramicroscopy 2011, 111 (8), 1316–1327. 
http://dx.doi.org/10.1016/j.ultramic.2011.04.009. 
 31/31 
(67)  Nguyen, D. T.; Findlay, S. D.; Etheridge, J. The Spatial Coherence Function in Scanning 
Transmission Electron Microscopy and Spectroscopy. Ultramicroscopy 2014, 146, 6–16. 
http://dx.doi.org/10.1016/j.ultramic.2014.04.008. 
(68)  Ho, T. K. Random Decision Forests. In Proceedings of the Third International Conference on 
Document Analysis and Recognition (Volume 1) - Volume 1; ICDAR ’95; IEEE Computer Society: 
Washington, DC, USA, 1995; pp 278–. 
(69)  Breiman, L. Random Forests. Mach. Learn. 2001, 45 (1), 5–32. 
https://doi.org/10.1023/A:1010933404324. 
(70)  Hartshorn, S. Machine Learning With Random Forests And Decision Trees: A Visual Guide For 
Beginners; Amazon Digital Services LLC, 2016. 
(71)  Louppe, G. Understanding Random Forests: From Theory to Practice. ArXiv14077502 Stat 2014. 
(72)  Staniewicz, L.; Vaudey, T.; Degrandcourt, C.; Couty, M.; Gaboriaud, F.; Midgley, P. Electron 
Tomography Provides a Direct Link between the Payne Effect and the Inter-Particle Spacing of 
Rubber Composites. Sci. Rep. 2014, 4, 7389–. 
(73)  Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy Calculations 
Using a Plane-Wave Basis Set. Phys Rev B 1996, 54 (16), 11169–11186. 
(74)  Kresse, G.; Furthmüller, J. Efficiency of Ab-Initio Total Energy Calculations for Metals and 
Semiconductors Using a Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6 (1), 15–50. 
(75)  Hafner, J. Ab-Initio Simulations of Materials Using VASP: Density-Functional Theory and 
Beyond. J. Comput. Chem. 2008, 29 (13), 2044–2078. https://doi.org/10.1002/jcc.21057. 
(76)  Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Phys Rev B 1976, 13 
(12), 5188–5192. 
(77)  Blöchl, P. E. Projector Augmented-Wave Method. Phys Rev B 1994, 50 (24), 17953–17979. 
(78)  Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave 
Method. Phys Rev B 1999, 59 (3), 1758–1775. 
(79)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys 
Rev Lett 1996, 77 (18), 3865–3868. 
(80)  Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der Waals Interactions from Ground-State 
Electron Density and Free-Atom Reference Data. Phys. Rev. Lett. 2009, 102 (7), 073005. 
https://doi.org/10.1103/PhysRevLett.102.073005. 
(81)  Methfessel, M.; Paxton, A. T. High-Precision Sampling for Brillouin-Zone Integration in Metals. 
Phys Rev B 1989, 40 (6), 3616–3621. 
(82)  Murnaghan, F. D. The Compressibility of Media under Extreme Pressures. Proc Natl Acad Sci 
USA 1944, 30 (9), 244–. 
(83)  Nosé, S. A Unified Formulation of the Constant Temperature Molecular Dynamics Methods. J. 
Chem. Phys. 1984, 81 (1), 511–519. https://doi.org/10.1063/1.447334. 
(84)  Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. Molecular 
Dynamics with Coupling to an External Bath. J. Chem. Phys. 1984, 81 (8), 3684–3690. 
https://doi.org/10.1063/1.448118. 
(85)  Janas, A.; Jany, B. R.; Szajna, K.; Kryshtal, A.; Cempura, G.; Kruk, A.; Krok, F. Nanostructure 
phase and interface engineering via controlled Au self-assembly on GaAs(001) surface. Appl. 
Surf. Scie. 2019, 492, 703–710. https://doi.org/10.1016/j.apsusc.2019.06.204. 
 
 
Supporting  Information
Towards Understanding of Gold Interaction with AIII-BV
Semiconductors at Atomic Level
B.R. Janya*, A. Janasa, W. Piskorzc, K. Szajnaa, A. Kryshtalb, G. Cempurab, P. Indykac, A. Krukb, A. 
Czyrska-Filemonowiczb, F. Kroka
aThe Marian Smoluchowski Institute of Physics, Jagiellonian University, Lojasiewicza 11, 30-348 
Krakow, Poland
bThe International Centre of Electron Microscopy for Materials Science, AGH University of Science 
and Technology, 30-059 Krakow, Poland
cThe Faculty of Chemistry, Jagiellonian University, ul. Gronostajowa 2,  30-387 Krakow, Poland
*Corresponding author e-mail: benedykt.jany@uj.edu.pl
S1
Machine Learning HAADF STEM image quantification
The HAADF STEM imaging mode provides structural images where intensities are proportional to 
both the thickness and mean atomic number Z1  (Au columns appear brighter than In-Sb columns). By 
assuming a constant sample thickness, this can be efficiently used to distinguish between columns 
containing Au atoms and pure In-Sb columns. The image was segmented into cells containing atomic 
columns2,3. This has the advantage that all image scattering is associated to some atomic column. Due 
to the noise inherent to the experiment, intermixing between the Au and In-Sb phases is studied atomic 
column-by-column, similar as in4. Here we used Machine Learning algorithms (Random Forest) as 
implemented in Trainable Weka Segmentation5 to statistically distinguish between these phases, as 
successively used in HAADF STEM Tomography6. For the Trainable Weka Segmentation the 
following training features were used: mean, median, variance, maximum, minimum. The classes were 
balanced. The rest settings were set on their default values (classifier: fast random forest of 200 trees 
with 2 features per tree). The reference areas were used for the Au atomic columns and In-Sb atomic 
columns, as indicated in Fig. S1a. As a result of image quantification of analysis area (area with Au 
atom diffusion into the bulk InSb crystal -Fig. S1a) the Au probability map and InSb probability map is
computed Fig. S1b-c. Since the probability of finding Au is directly proportional to the number of Au 
atoms in the atomic row (assuming constant sample thickness) and ProbabilityAu+ProbabilityInSb=1, so 
the probability of finding Au is directly the Au atoms concentration in the sample (value “1” 
corresponds to the concentration of 100 atomic %). The histogram of Au probability (Au atomic 
concentration) from the area with Au atom diffusion into the bulk InSb crystal is presented in Fig. S1d. 
Several local maxima are seen Fig. S1d and Table S1. This is compared with EDX measurements of 
this region as presented in histogram of Au atomic concentration from EDX Fig.  1e and Table S1. The 
quantitative HAADF STEM shows more local maxima in comparison to the EDX measurements, so in 
this case in more locally sensitive to the changes of Au atomic concentrations.    
HAADF STEM quantification
Au atomic concentrations 
[X at.]
EDX measurements
Au atomic concentration
[X at.]
0.037 – 
0.075 0.068
0.12 – 
0.23 – 
0.28 – 
Table S1: Au atomic concentaration in the area with Au atom diffusion into the bulk InSb crystal as 
measured by HAADF STEM image quantification and EDX. In this case the quantitative HAADF 
measurements are more sensitive to local Au concentration then EDX, since more local maxima are 
visible (value “1” corresponds to the concentration of 100 atomic %).
To check the validity of whole chemical quantification procedure i.e. how it estimates the true 
unknown Au concentration, we compared the results of HAADF STEM quantification with EDX 
measurements. Assuming that EDX concentration (0.068) is a mixture of two components as seen by 
HAADF quantification (0.037 and 0.075), which gives central value of 0.060, one can estimate the 
maximal relative quantification uncertainty as relative difference (0.068-0.060)/0.060*100% which is 
equal to 12.6%. 
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In Fig. S1f  Au probability map (Au atomic concentration) from Area1 is presented, one can see in 
details that different amount of Au atoms are built up into the In-Sb lattice atomic positions.
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Fig. S1: HAADF STEM image quantification of Au/InSb at 330C. a) atomically resolved HAADF 
STEM image, Au and InSb reference area marked, b) quantification result, InSb probability map 
overlaid on HAADF image from analysis area, c) quantification result, Au probability map overlaid on
HAADF image from analysis area, d) histogram of Au probability from analysis area. Since the 
probability of finding Au is directly proportional to the number of Au atoms in the atomic row 
(assuming constant sample thickness) and ProbabilityAu+ProbabilityInSb=1, so the probability of finding
Au is directly the Au atoms concentration in the sample. e) histogram of Au atomic concentration, as 
measured by EDX. The obtained Au probability (Au atomic concentration) from HAADF STEM 
quantification matches well the EDX measurements. The main maxima, corresponding to the main 
atomic concentrations are marked. It is seen that HAADF STEM is more locally sensitive than EDX 
since additional small maxima are visible. f) Au probability map (Au atomic concentration) from 
Area1, one can see in details that different amount of Au atoms are built up into the In-Sb lattice 
atomic positions. Value “1” corresponds to the concentration of 100 atomic %.   
Local sample thickness variations changes for the HAADF quantification area of the thin foil 
sample prepared by FIB were estimated, and their influence on the chemical quantification 
result.
The line profile 1 (Fig. S1-1b) was extracted from HAADF STEM image (Fig. S1-1a), from the area 
without Au diffusion. Since there is only one material in this area (namely InSb) so the changes of the 
HAADF Intensity in this area are only due to the local sample thickness changes, as seen in the line 
profile. Taking the histogram of the intensities from the linear profile Fig. S1-1c, one can calculate the 
mean HAADF intensity and the standard deviation of it. So the relative HAADF signal deviation 
related to the local sample thickness changes is equal to 0.28%.
One can now compare this values with the HAADF signal changes below the nanowire in the Au 
diffusion area, see Fig. S1-1d. It is seen that here the HAADF signal changes by 2.75% (changes from 
3.82*105 to 3.715*105), which is related to Au diffusion into InSb. This HAADF signal changes related 
to the Au diffusion are above deviations related to the estimated local sample thickness changes. Next, 
one can estimate the influence of the local sample thickness changes on the HAADF chemical 
quantification performed by comparing the estimated values 0.28%/2.75%*100%=10.2%. So the 
estimated relative uncertainty of the performed HAADF STEM chemical quantification due to the local
sample thickness variation is 10.2%.
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Fig. S1-1: Local sample thickness variation changes for the HAADF quantification area of the thin foil
sample of Au/InSb at 330C. a) HAADF STEM image of the analysis area, two line profiles indicated. b)
Line profile 1 from HAADF STEM image a) from sample area without Au diffusion, the local HAADF 
signal changes correspond to local sample thickness variations. c) Histogram from Line profile 1 b) 
from the marked by blue rectangle area on the profile. It is seen that the distribution standard deviation
(value of 958) is equal to 0.28% of the mean value (363499). So the relative HAADF signal deviation 
related to the local sample thickness changes is equal to 0.28%. d) Line profile 2 from HAADF STEM 
image a) through the nanowire and Au diffusion area. It is seen that the HAADF signal changes on the 
Au diffusion area by 2.75% (changes from 3.82*105 to 3.715*105) are above deviations related to the 
estimated local sample thickness changes 0.28%.  
Au-AIII-BV Phase Diagrams
The Au-AIII-BV phase diagrams were calculated from First Principles using the generalized gradient 
approximation (GGA) approximation to density functional theory (DFT) and the DFT+U extension to 
it7,8 by the Materials Project9 and also OQMD10,11. In agreement with experimental phase diagrams12–14.
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Fig. S2: Theoretically calculated Phase Diagrams for Au-AIII-BV systems: a) Au-In-Sb, b) Au-In-As, c)
Au-In-P, d) Au-Ga-Sb, e) Au-Ga-As, f) Au-Ga-P, g) Au-In, h)Au-Ga by the Materials Project9 and also 
OQMD10. 
Au-In System Au-Ga System
Phase Formation Energy [eV] Phase Formation Energy [eV]
AuIn2 -0.246 AuGa2 -0.234
Au3In -0.126 AuGa -0.227
Au7In3 -0.141 Au2Ga -0.151
Au10In3 -0.116 Au7Ga2 -0.102
AuIn -0.108 Au3Ga -0.083
AuIn3 0.016 AuGa3 -0.023
Table S2: Theoretically calculated Phases in the Au-In and Au-Ga system together with their formation
energies by the Materials Project9 and also OQMD10. Unstable phases also included. In agreement 
with experimental phase diagrams15,16. 
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RHEED patterns of the atomically clean and reconstructed AIII-
BV surfaces
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Fig. S3: RHEED patterns of the atomically clean and reconstructed surfaces of a) (3x1) 
GaSb(001), b) c(8x2) GaAs(001), c) (4x2) GaP(001), d) (4x2) InAs(001), e) (4x2) InP(001). Main 
reconstruction spots marked.
Multivariate Statistical Analysis
The obtained from SEM, AFM and TEM measurements data on nanostructures formed in the 
Au/AIIIBV systems are presented in Table S3, as in detailed described in the main article. It is seen that
for each AIIIBV system a set of seven parameters is used to describe it, forming seven dimensional 
parameter space. This is later used for multivariate statistical analysis using machine learning 
Multidimensional Scaling (MDS)17 and k-means clustering18.
AIIIBV
system
Average size
[nm]
Surface
density
[1/um2]
Surface
diffusion
radius
[nm]
Average
height
[nm]
Nanostructure
percent under
the sample
surface [%]
Au
concentration
in the
nanostructure
[atomic %]
Number of Au
atoms needed to
release one AIII
metallic atom
on the surface
InSb 146.3 6.1 202.3 8.0 35 33.3 0.5
InAs 35.9 170.5 38.3 7.9 0 75.0 3
InP 31.4 214.4 34.1 11.3 6.45 33.3 0.5
GaSb 13.1 747.4 18.3 0.9 69 33.3 0.5
GaAs 8.2 2003.8 11.2 1.1 41.8 100.0 2.5
GaP 5.8 2088.5 10.9 1.4 13.4 100.0 5.9
Table S3: Measured seven parameters of the formed nanostructures in the Au/AIIIBV systems. 
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Formed Nanostructures Properties
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Fig. S4: Nanostructures resulted from 2ML Au
deposited on InSb(001), GaSb(001), 
GaAs(001), InP(001) and InAs(001) surfaces 
at 330C. Average sizes b), surface densities c) 
and average diffusion radius d) as a function 
of the heat of formation of AIII-BV 
semiconductor. The lines are drawn to guide 
the eye. Different behavior is observed for the 
structures grown on In and Ga rich surfaces.
Results of STEM EDX Analysis
For the examined Au/AIII-BV systems the STEM EDX measurements were performed in form of 
hyperspectral maps. To obtain EDX signal coming only from formed nanostructures the Machine 
Learning Blind Source Separation (BSS) analysis using Non Negative Matrix Factorization (NMF) was
performed on hyperspectral EDX data accordingly to 19,20. Later the chemical compositions were 
quantified by Cliff-Lorimer method, the results of quantification are presented in Table S4.   
Au/AIII-BV System Results of EDX of bulk AIII-BV
[at. %]
Results of EDX of Nanostructures
[at. %]
2ML Au on InSb(001) In: 51.0(1.0) Sb: 49.0(1.0) Au: 34.0(1.0) In: 66.0(1.0)
2ML Au on InAs(001) In: 51.3(1.3) As: 48.7(1.3) Au: 73.3(1.3) In: 26.7(1.3)
2ML Au on InP(001) In: 47.3(2.7) P:52.7(2.7) Au: 28.6(2.7) In: 71.4(2.7)
2ML Au on GaSb(001) Ga: 54.1(4.1) Sb:45.9(4.1) Au: 37.1(4.1) Ga: 62.9(4.1)
2ML Au on GaAs(001) Ga: 47.9(2.1) As: 52.1(2.1) Pure Au
2ML Au on GaP(001) Ga: 52.7(2.7) P: 47.1(2.7) Pure Au
Table S4: Results of STEM EDX analysis for the Au/AIII-BV systems. 
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